Thrombocytopenia is a common problem in the management of patients with cancer and other conditions that affect hematopoietic cells. In previous clinical trials, the polyethylene-glycolconjugated recombinant human megakaryocyte growth and development factor increased platelet counts in patients with idiopathic thrombocytopenic purpura and solid tumors undergoing chemotherapy. However, antibodies to polyethylene-glycol-conjugated recombinant human megakaryocyte growth and development factor develop in healthy volunteers and patients undergoing chemotherapy and cross-react with endogenous thrombopoietin. As a result, clinical development of polyethylene-glycol-conjugated recombinant human megakaryocyte growth and development factor was discontinued in 1998. The aim of this study was to identify an orally bioavailable human Mpl activator that does not develop autoantibodies against endogenous thrombopoietin.
Introduction
Thrombopoietin (TPO) is a critical hematopoietic cytokine for regulating megakaryopoiesis. [1] [2] [3] [4] [5] It exerts its function through binding and activation of the TPO receptor Mpl, which is one of the type I transmembrane receptors expressed on hematopoietic stem cells, megakaryocytes and platelets. 6, 7 After binding with TPO, the Mpl receptor is believed to change its conformation. 8 This event induces transphosphorylation and activation of two tethered Janus kinases, JAK2 and TYK2, [9] [10] [11] which in turn results in the activation of various proteins such as STAT3, STAT5, 12 MAPK, 13 PI3K 14, 15 and protein kinase C. 16 Activation of these signal transduction pathways results in changes of gene expression and induces megakaryopoiesis and thrombopoiesis. The genetic elimination of either TPO or Mpl in mice reduces the number of circulating platelets by 80-90%. [17] [18] [19] This indicates that the TPO-induced signaling pathway is critical for maintaining a normal number of platelets in vivo.
In clinical situations, thrombocytopenia is a common problem in the management of patients with cancer and other conditions that affect hematopoietic cells. Thrombocytopenia is also a frequent problem in patients with myelodysplastic syndrome, idiopathic thrombocytopenic purpura (ITP), chronic liver disease and acquired immunodeficiency syndrome. In previous clinical trials, the polyethylene-glycol-conjugated recombinant human megakaryocyte growth and development factor (PEG-MGDF) increased platelet counts in patients with ITP and solid tumors undergoing chemotherapy. 20 However, antibodies to PEG-MGDF develop in healthy volunteers and patients undergoing chemotherapy and cross-react with endogenous TPO. 21, 22 This antibody also neutralizes the physiological activity of endogenous TPO, which results in persistent thrombocytopenia. As a result, clinical development of PEG-MGDF was discontinued in 1998. However, most investigators recognize Mpl as an ideal target for developing new agents to increase the number of platelets. The aim of this study was to identify an orally bioavailable human Mpl activator that does not develop autoantibodies against endogenous thrombopoietin. In order to do this we screened our chemical library and created a novel non-peptidyl Mpl activator named butyzamide.
Design and Methods

Reagents
Butyzamide (molecular weight=591.55), (E)-3-[2,6-dichloro-4-[4-[3-[2,2-dimethyl-1-propoxypropyl]-phenyl]-thiazol-2-ylcarbamoyl]-phenyl]-2-methylacrylic acid, was chemically synthesized by Shionogi (Osaka, Japan) ( Figure 1A ). Recombinant human TPO (rhTPO; PeproTech, Rocky Hill, NJ, USA) and recombinant human granulocyte colony-stimulating factor (rhG-CSF; Calbiochem, La Jolla, CA, USA) were obtained as indicated. Recombinant human granulocyte-macrophage colony-stimulating factor (rhGM-CSF), recombinant mouse GM-CSF (rmGM-CSF), recombinant human interleukin-3 (rhIL-3), recombinant mouse IL-3 (rmIL-3) and recombinant human erythropoietin (rhEPO) were purchased from R&D Systems (Minneapolis, MN, USA).
Cells
The IL-3-dependent murine pro B-cell line Ba/F3 was engineered to express the human (Ba/F3-hMpl) or murine (Ba/F3-mMpl) Mpl receptor. A human Mpl mutant, whose histidine at position 499 was substituted with leucine, was expressed in Ba/F3 cells and named Ba/F3-hMpl(H499L). A murine Mpl mutant, whose leucine at position 490 was substituted with histidine, was expressed in Ba/F3 cells and named Ba/F3-mMpl(L490H). As a basal growth medium, we used RPMI-1640 medium (Sigma, St. Louis, MO, USA) supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, Logan, UT, USA), 10 mM HEPES (Invitrogen, San Diego, CA, USA), 55 µM 2-mercaptoethanol (Invitrogen), 100 U/mL penicillin, 100 µg/mL streptomycin (Invitrogen) and 1% MIL34-conditioned medium, as a source of mouse IL-3. The growth medium for Ba/F3-hMpl, Ba/F3-mMpl and Ba/F3-hMpl(H499L) cells was also supplemented with 500 µg/mL geneticin (Nacalai Tesque, Kyoto, Japan). Ba/F3 cells were engineered to express the human EPO receptor (Ba/F3-EPOR). The human myeloid leukemia cell line TF-1 (American Type Culture Collection, Manassas, VA, USA), human erythroleukemia cell line F-36P (RIKEN Cell Bank, Ibaraki, Japan), human myeloid cell line NOMO-1 (Health Science Research Resources Bank, Tokyo, Japan), and murine myeloid cell line DA-3 (RIKEN Cell Bank) were obtained as indicated. NOMO-1 cells expressing human G-CSF receptor were maintained in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin. TF-1 and F-36P cells, hIL-3 and hGM-CSF-dependent cell lines, were maintained in the presence of 5 ng/mL rhGM-CSF. Ba/F3-EPOR cells, a hEPO-dependent cell line, or DA-3 cells, a mIL-3 and mGM-CSF-dependent cell line, were maintained in the presence of 10 U/mL rhEPO or 5 ng/mL rmGM-CSF, respectively.
Plasmid construction
Full-length hMpl cDNA was amplified by reverse transcriptase-polymerase chain reaction (RT-PCR) using total RNA extracted from KU812 cells as a template. Amplified PCR fragments were cloned into the pSPORT1 vector (Invitrogen). The resultant plasmid was named pSPORT1-hMpl. Full-length hMpl(H499L) cDNA was cloned into the pGEM3 vector (Promega, Madison, WI, USA). Full-length mMpl cDNA was amplified by RT-PCR using total RNA extracted from bone marrow cells of BALB/c mice as a template. Amplified PCR fragments were cloned into the pcDNA3.1(-) vector (Invitrogen). The resultant plasmid was named pcDNA3.1-mMpl. Full-length mMpl (L490H) cDNA was subcloned into pQCXIP retrovirus vector (Invitrogen). All plasmids were sequenced to confirm the presence of the cloned genes.
Establishment of stable cell lines
For the establishment of Ba/F3-hMpl, Ba/F3-mMpl and Ba/F3-hMpl(H499L) cells, Ba/F3 cells were transfected with each constructed plasmid by electroporation. The cells were cloned by a limiting dilution method in the presence of 2 mg/mL geneticin. For the establishment of Ba/F3-mMpl(L490H) cells, 293GP2 packaging cells were transfected with pQCXIPmMpl(L490H) and pVSV-G vector (Invitrogen) by Fugene 6 (Roche, Mannheim, Germany), according to the manufacturer's protocol. The culture supernatant was collected and used to infect Ba/F3 cells. These established stable cell lines proliferated in response to rmIL-3, as well as parental Ba/F3 cells, and appeared to maintain the character of parental Ba/F3 cells.
Proliferation assay
Cells were cultured at a density of 7.5×10 3 cells/200 µL in 96-well plates with various concentrations of butyzamide or recombinant cytokines. The plates were incubated for 48 h at 37°C in a humidified chamber with 5% CO2, and 10 µL WST-8 reagent (Kishida Chemical, Osaka, Japan) were added to each well during the last 4 h of culture. The absorbance was measured at a wavelength of 450 nm using a 96-well microplate reader, Model 680 (Bio-Rad, Hercules, CA, USA).
Western blotting
Cells were washed with phosphate-buffered saline (PBS; Sigma) and suspended at a density of 1×10 6 cells/mL in RPMI-1640 medium supplemented with 0.5% bovine serum albumin (BSA; Wako, Osaka, Japan). After incubation for 5 h, the cells were stimulated by 3 µM butyzamide or 1 nM (18.6 ng/mL) rhTPO at 37°C for 15 min, washed once with ice-cold PBS and lysed on ice for 30 min in lysis buffer consisting of 20 mM Tris/HCl, 150 mM NaCl, 1 mM ethylenediaminetetra-acetic acid (EDTA), 1 mM phenyl methane sulfonyl fluoride, 1 mM sodium orthovanadate (Na3VO4), 1% Triton X-100 and a protease inhibitor cocktail (Roche), pH 7.4. The lysates were centrifuged at 10,000 g at 4°C for 10 min, and the protein concentration of the collected supernatant was measured using a Protein Dc assay kit (Bio-Rad). After addition of an equal volume of 2×Laemmli's sample buffer, the samples were boiled at 95°C for 5 min. Protein samples were separated by 10% SDS-PAGE and transferred onto Immobilon-P transfer membrane (Millipore, Bedford, MA, USA). The blots were blocked by 5% BSA in TBS-T (20 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 1 h, and then incubated overnight at 4°C with a primary antibody. The primary antibodies were anti-phospho JAK2 (Tyr1007/1008), anti-phospho STAT3 (Tyr705), anti-phospho STAT5 (Tyr694), and 
Immunoprecipitation
For the detection of phosphorylated JAK2, 500-750 µg cell extracts were incubated with anti-JAK2 antibody at 4°C overnight, and immunoprecipitates were adsorbed by protein G-coupled Sepharose beads (GE Healthcare) for several hours. After washing three times with lysis buffer, 20 µL of 2×Laemmli's sample buffer were added, and the samples were boiled at 95°C for 5 min. The samples were separated by 10% SDS-PAGE and subjected to western blotting as described above.
Assay for CFU-MK
Colony assays for quantifying human megakaryocytic progenitors were performed using the MegaCult-C kit (StemCell Technologies, Vancouver, Canada) according to the manufacturer's protocol. CD34 + cells from human fetal liver and bone marrow were purchased from Cambrex Bio Science Walkersville (currently Lonza Walkersville, East Rutherford, NJ, USA). Cambrex obtained the human tissue under informed consent and purified CD34 + cells using positive immunomagnetic selection. Purity was >95%. The gestational age of fetal liver (lot #050373) was 19 weeks. We obtained approval from the internal review board for this project. CD34 + cells were suspended at a density of 5.0×10 3 cells/well in a double-chamber slide, with various concentrations of butyzamide or rhTPO. After incubation for 10 days at 37°C in a humidified chamber with 5% CO2, CFU-MK were detected by staining the cells with anti-human CD41 antibody. The number of CFU-MK, counted and subdivided by colony size, was classified as small (3-20 cells/colony), medium (21-49 cells/colony), and large (≥50 cells/colony).
Liquid culture of human bone marrow-derived CD34 + cells
Human bone marrow-derived CD34 + cells were cultured at a density of 5.0×10 4 cells/mL in 24-well plates. As a serum-free medium, we used Iscove's modified Dulbecco's medium (Sigma) supplemented with 20% BIT9500 (StemCell Technologies). Cells were treated with 1 nM rhTPO or 3 µM butyzamide in triplicate for 10 days at 37°C in a humidified chamber with 5% CO2.
Megakaryocyte ploidy and morphological analysis
Cultured human bone marrow-derived cells were stained with phycoerythrin-labeled anti-human CD41 antibody (BD PharMingen, San Diego, CA, USA) and fixed with 1% paraformaldehyde (Wako), followed by permeabilization with PBS containing 10% DMSO and 1% Tween 20. After washing with PBS, the cells were stained with 7-amino-actinomycin D (Beckman Coulter, Franklin Lakes, NJ, USA) for 30 min at room temperature, and analyzed using a BD FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA, USA). Data were obtained by electronically gating 7-aminoactinomycin D-stained CD41 + cells, and at least 30,000 cells were analyzed for each sample. The ploidy distribution was determined by setting markers at the nadirs between the peaks. For morphological analysis, aliquots of cells were centrifuged onto glass slides using a Cytospin 2 centrifuge (Shandon Instruments, Sewickley, PA, USA) and stained with Wright-Giemsa stain. Cells were observed using an Olympus BX51 microscope equipped with a 40×0.75 NA objective, connected to an Olympus DP12 camera, using DP12 software (Olympus, Tokyo, Japan).
Xenotransplantation assay
Immunodeficient NOD/Shi-scid,IL-2Rγ null (NOG) mice (8-10 weeks old) were irradiated with 2.4 Gy (125 kV, 10 mA, 0.45 Gy/min) by MBR-1520R-3 (Hitachi Medico, Tokyo, Japan), and on the next day, 6.7×10 4 human fetal liver (FL)-derived CD34 + cells were transplanted intravenously. Two months after transplantation, the NOG mice were randomized into three groups, based on the number of human platelets and body weight. The vehicle or butyzamide at a dose of 10 or 50 mg/kg was administered orally for 21 days. The numbers of human platelets and megakaryocytes were calculated as described below.
Flow cytometry
To detect human platelets in the peripheral circulation of NOG mice transplanted with human FL-derived CD34 + cells, multicolor cytometric analysis was performed using an EPICS-XL flow cytometer (Beckman Coulter). Blood samples were incubated with fluorescein isothiocyanate-labeled anti-mouse CD41 antibody (BD PharMingen) and PE-labeled anti-human CD41 antibody at room temperature. After fixation with 1% paraformaldehyde, samples were subjected to flow cytometry. The actual number of human CD41 + cells was calculated as:
The whole number of platelets was measured using a Sysmex K-4500 instrument (Sysmex, Hyogo, Japan). Reticulated platelets were counted by staining with thiazole orange (Sigma) as described previously. 23 After administration of butyzamide for 21 days, the mice were sacrificed and the femora were removed. Bone marrow cells were collected by flushing with PBS and staining with phycoerythrin-labeled anti-human CD41 antibody. The samples were then subjected to flow cytometry. The actual number of human megakaryocytes was calculated as:
x whole bone marrow cell count.
Immunohistochemistry
The femur on the other side was used for staining of megakaryocytes. The tissue was fixed in neutralbuffered formalin and decalcified, then embedded in paraffin and sectioned. Immunohistochemical staining was performed with anti-human CD42b (Chemicon) and an EnVision+ peroxidase staining kit (Dako, Carpinteria, CA, USA).
Platelet preparation and aggregation studies
Human blood from healthy volunteers was drawn by venipuncture into 1/10 vol of 3.8% trisodium citrate and gently mixed. Platelet-rich plasma was prepared by centrifugation of whole blood at 200 g for 10 min and adjusted to a concentration of 2×10 8 cells/mL with platelet-poor plasma. Platelet aggregation was measured with an aggregometer (Hema Tracer TM Model 601; Niko Bio Science, Tokyo, Japan) with continuous stirring (1,000 rpm) at 37°C. For western blotting, platelet-rich plasma was aspirated and incubated with 2 mM aspirin for 30 min at room temperature. After the addition of 1 µM PGE1 from a stock solution in absolute ethanol (1 mM), the platelet-rich plasma was spun at 800 g for 10 min to form a soft platelet pellet. The pellet was resuspended in 1 mL of modified HEPES/Tyrode buffer (129 mM NaCl, 8.9 mM NaHCO3, 0.8 mM KH2PO4, 0.8 mM MgCl2, 5.6 mM dextrose, and 10 mM HEPES, pH 7.4), which also contained 2 U/mL apyrase, and was washed twice. Platelets were suspended at a concentration of 1.5×10 9 cells/mL in the same buffer, which contained 2 U/mL apyrase at 37°C, and were stimulated with 100 ng/mL rhTPO or 10 µM butyzamide for 5 or 10 min at 37°C. The reaction was stopped by adding an equal volume of 2xLaemmli's sample buffer. Phosphorylation of JAK2, STAT3, STAT5 and MAPK was analyzed as described above. All the agents were purchased from Sigma, unless otherwise indicated.
Statistical analysis
The results are expressed as the mean±SD. Statistical differences were determined using a two-sided Student's t test. p values <0.05 are considered statistically significant.
Results
Butyzamide is a non-peptidyl agonist for human TPO receptor Mpl
We screened our chemical library of 53,000 compounds by proliferation assays using Ba/F3-hMpl cells and obtained some precursor compounds. We modified their structure using combinatorial chemistry and newly synthesized some Mpl activators. Briefly, the insertion of a tertiary butyl group to the lead compound improved the biological activities in vitro and bioavailability in mice (Takayama M. et al., unpublished data) . One of the synthesized compounds was named butyzamide and is shown in Figure 1A . Butyzamide promoted the proliferation of Ba/F3-hMpl cells in a dose-dependent manner ( Figure 1C Figure 1B) . To investigate the effects of butyzamide on murine Mpl, we engineered Ba/F3-mMpl cells expressing murine Mpl, and compared the cell proliferation activity of butyzamide and rhTPO ( Figure 1D ). Butyzamide did not show any stimulating activity for Ba/F3-mMpl cells, although rhTPO showed dosedependent cell-proliferating activity. Unlike TPO, which is cross-reactive with human and murine Mpl, butyzamide was shown to have species specificity for human but not murine Mpl.
Intracellular signaling is induced by butyzamide
TPO binds to Mpl and triggers phosphorylation of the cytoplasmic tyrosine kinases JAK2 and TYK2, which in turn induces phosphorylation of various proteins, such as STAT3, STAT5, MAPK and PI3K. As the major components of TPO-mediated signal transduction pathways, we focused on JAK2, STAT3, STAT5 and MAPK, and investigated whether these molecules were phosphorylated by butyzamide. Ba/F3-hMpl and Ba/F3-mMpl cells were starved of cytokines for 5 h and stimulated with 3 µM butyzamide or 1 nM rhTPO for 15 min. Butyzamide or rhTPO was used at the concentration which showed the maximum effect in the cell proliferation and colony-forming assays. After stimulation with butyzamide or rhTPO, phosphorylated JAK2, STAT3, STAT5 and MAPK were detected using each specific antibody. Butyzamide and rhTPO phosphorylated JAK2, STAT3, STAT5 and MAPK in Ba/F3-hMpl cells ( Figure 1E, left panel) . However, unlike rhTPO, butyzamide did not phosphorylate JAK2, STAT3, STAT5 and MAPK in Ba/F3-mMpl cells ( Figure 1E , right panel).
The histidine residue in the Mpl transmembrane domain is critical for the activity of butyzamide
Butyzamide had species specificity and reacted only with human Mpl and not with murine Mpl. The butyzamide derivatives also had the same species specificity and this specificity was dependent on histidine residue 499 (His499) in the transmembrane domain of human Mpl. 24 The same species specificity has been reported for other non-peptidyl Mpl activators such as eltrombopag (SB 497115) 25 , NIP-004 26 and AKR-501 (YM477), 27 and all of these require a histidine residue in the transmembrane domain of Mpl to display their biological activity. Therefore we constructed Ba/F3-hMpl(H499L) and Ba/F3-mMpl(L490H) cells which have an H499L or L490H mutation in the transmembrane domain of human or murine Mpl, respectively. Although rhTPO maintained proliferation of Ba/F3-hMpl(H499L) cells, butyzamide did not show any such activity (Figure 2A ). Corresponding to the loss of proliferative activity, butyzamide did not induce phosphorylation of JAK2, STAT3, STAT5 and MAPK, while rhTPO did ( Figure 2C, left panel) . On the other hand, in Ba/F3-mMpl(L490H) cells, butyzamide showed cell-proliferative activity and induced phosphorylation of signaltransduction molecules ( Figure 2B and 2C, right panel) . These results show that the agonistic activity of butyzamide on Mpl is dependent on the histidine residue in the transmembrane domain of Mpl.
Butyzamide induced megakaryopoiesis in CD34 + hematopoietic cells
As TPO is essential for megakaryopoiesis, we compared the effect of butyzamide and rhTPO on increasing the number of CFU-MK in hematopoietic stem cells. 
Butyzamide increased megakaryocyte ploidy in vitro
Megakaryocyte ploidy is correlated with the degree of endomitosis and reflects the maturation stage of megakayocytes. To investigate whether butyzamide increases mature megakaryocytes in vitro, we analyzed the DNA ploidy of megakaryocytes cultured with butyzamide. Human BM-CD34 + cells were cultured for 10 days in serum-free medium containing 3 µM butyzamide or 1 nM rhTPO as a positive control. The treatment with 3 µM butyzamide produced a similar distribution of DNA ploidy to that with 1 nM rhTPO ( Figure  3C ). For morphological analysis, aliquots of each set of cultured cells were stained with Wright-Giemsa stain. Corresponding to the results of flow cytometry, 3 µM butyzamide increased polyploid megakaryocytes in a similar manner to 1 nM rhTPO ( Figure 3D ). These results indicate that butyzamide has as much potential as TPO to induce mature megakaryocytes in vitro.
Butyzamide increased human platelets in FL-CD34
+ -transplanted NOG mice
To evaluate the ability of butyzamide to produce human platelets in vivo, FL-CD34 + cells were transplanted into immunodeficient NOG mice which do not have lymphocytes or natural killer cells, and have low complement activity. 28 Several investigators have used NOG mice to analyze hematopoiesis of stem cells, mast cells and megakaryocytes, because the engraftment rate of human cells is higher in NOG mice than in NOD/SCID mice. 26, 29 When butyzamide was administered at a dose of 10 or 50 mg/kg once daily for 20 days to NOG mice transplanted with FL-CD34 + cells, it increased the number of human platelets but did not affect the number of murine platelets ( Figure 4A, B) . Before the increase in human platelets, reticulated human CD41 + platelets, which were stained by thiazole orange, were also increased by butyzamide ( Figure 4C ). After treatment with butyzamide for 21 days, the mice were sacrificed and bone marrow cells were collected by flushing the femora. The number of human CD41 + megakaryocytes in the bone marrow was increased by the administration of butyzamide ( Figure 4D ). The femora on the other side were stained with anti-human CD42b antibody to visualize human megakaryocytes in paraffin sections ( Figure 4E ). Treatment with butyzamide increased human CD42b + cells compared with the controls, which indicates that butyzamide stimulates the proliferation and maturation of human megakaryocytes in vivo. These data show that oral administration of butyzamide is effective at increasing the number of human platelets in vivo.
Butyzamide did not enhance agonist-induced platelet aggregation in vitro
To evaluate the effects of butyzamide on human platelet function, we studied aggregation of human platelets. Platelet-rich plasma was preincubated with 100 ng/mL rhTPO or various concentrations of butyzamide at 37°C for 5 min. Butyzamide did not enhance the platelet aggregation induced by 1 µM ADP and 1 µg/mL collagen ( Figure 5A, B) . In contrast, 100 ng/mL rhTPO enhanced this agonist-induced platelet aggregation as a positive control. Butyzamide, at a dose of 10 µM, induced phosphorylation of JAK2, STAT3, STAT5 and MAPK proteins in human platelets ( Figure 5C ). rhTPO, as a positive control, induced phosphorylation of all these proteins more strongly than butyzamide did in human platelets.
Cytokine receptor specificity of butyzamide
To study the cytokine receptor specificity of butyzamide, we performed a proliferation assay using various cytokine-dependent cell lines. Butyzamide did not induce proliferation of Ba/F3-EPOR (hEPO, mIL-3-dependent), NOMO-1 (hG-CSF-dependent), TF-1 (hGM-CSF, hIL-3-dependent), F-36P (hGM-CSF, hIL-3-dependent) or DA-3 (mGM-CSF, mIL-3-dependent) ( Figure 6A-E) . rhEPO, rhG-CSF, rhGM-CSF, rhIL-3, rmGM-CSF and rmIL-3 were used as positive controls for the proliferation assay. These data indicate that butyzamide did not stimulate other cytokine receptors of EPO, G-CSF, GM-CSF and IL-3.
Discussion
In Ba/F3-hMpl cells, butyzamide induced cell proliferation and phosphorylation of JAK2, STAT3, STAT5 and MAPK. However, unlike rhTPO, butyzamide did not induce either proliferation or signal transduction in Ba/F3-mMpl cells. The intensity of phosphorylation of JAK2, STAT3, STAT5 and MAPK protein induced by 3 µM butyzamide was weaker than that induced by 1 nM rhTPO in Ba/F3-hMpl cells. The 50% effective concentration (EC50) for cell proliferation of Ba/F3-hMpl with butyzamide or rhTPO was approximately 10 and 0.05 24, 30 They demonstrated that SB 394725 specifically interacts with the extracellular juxtamembrane region and the transmembrane domain of Mpl. SB 394725 interacts with His499 in the transmembrane domain and a few distinct residues in the juxtamembrane region, and affects several specific C-terminal transmembrane residues. As all the small non-peptidyl TPO mimetics are dependent on His499 and have species specificity, we speculate that butyzamide might directly interact with His499 and induce megakaryopoiesis by a mechanism similar to that of SB 394725. Further studies are, however, needed to clarify the activation mechanism of butyzamide. Interestingly, we found that Ba/F3-mMpl(L490H) cells became more sensitive to butyzamide than Ba/F3-hMpl in vitro. The phosphorylation of JAK, STAT and MAPK proteins by butyzamide was definitely greater in Ba/F3-mMpl(L490H) cells compared to that in wild-type Ba/F3-hMpl cells. The proliferation of Ba/F3-mMpl(L490H) was clearly better than that of Ba/F3-hMpl cells in the presence of butyzamide. These data raise the possibility that it is a histidine residue in mMpl(L490H) that improves the affinity of mouse Mpl for butyzamide, changes the conformation of Mpl, and increases the sensitivity to induce intracellular signaling. We expect that nuclear magnetic reson- nance studies will answer the question of how butyzamide acts more efficiently with mouse Mpl(L490H) than human Mpl. We confirmed that butyzamide by itself can induce CFU-MK and polyploid megakaryocytes from human CD34 + hematopoietic progenitor cells under serum-free conditions in vitro. As there are no reliable in vitro assays to evaluate the effects of the compounds on platelet production, we prepared an experimental animal model using immunodeficient NOG mice transplanted with human FL-derived CD34 + cells after irradiation. We found that around 2-3% of the circulating platelets were derived from human megakayocytes. Using this experimental animal model, we successfully demonstrated that, compared to the vehicle, butyzamide administered orally at the doses of 10 and 50 mg/kg for 20 days increased human platelets by 6.2-and 22.9-fold, respectively, in vivo. We also analyzed the effects of butyzamide on other cell lineages in hu-NOG mice. Butyzamide did not increase the number of CD3 + T cells, CD19 + B cells, or CD33 + granulocytes in the peripheral blood or CD45 -
CD71
+ erythroid cells in the bone marrow of NOG mice (data not shown).
To evaluate the specificity of butyzamide, we examined its effect on the proliferation of various cytokinedependent cell lines such as NOMO-1, TF-1, F36-P, DA-3, Ba/F3-EPOR ( Figure 6 ). Expectedly, butyzamide showed no action on these cells, which indicates that butyzamide has high specificity for hMpl, similar to other Mpl activators such as eltrombopag, NIP-004 and AKR-501.
TPO activates signal transduction pathways even in human platelets, 31 and this enhances the platelet aggregation induced by several agonists such as ADP, collagen, epinephrine and thrombin in vitro. 32 We, therefore, analyzed the activation of signal transduction pathways in human platelets and the priming effects of butyzamide. In vitro, butyzamide phosphorylated signal transduction molecules in human platelets but did not promote human platelet aggregation induced by ADP or collagen. These results are compatible with those of a previous study demonstrating that eltrombopag does not have a priming effect on human platelet aggregation in vitro. 25 We found that butyzamide induced phosphorylation of various signaling molecules such as TPO, in human platelets. However, the degree of phosphoylation induced by butyzamide was much smaller than that induced by TPO. This weak effect on signaling might be related to the lack of a priming effect on platelet aggregation by butyzamide. It would be interesting to examine the effects of other Mpl activators on platelet signal transduction. The relatively weak effect on signaling was also noted when we examined Ba/F3-hMpl cells. In marked contrast, butyzamide induced CFU-MK and polyploid megakaryocytes from human CD34 + hematopoietic progenitor cells, as efficiently as TPO. The effects of butyzamide on megakaryopoiesis exceeded those estimated by the intensity of Mpl activation. This point has not been addressed by previous studies on similar compounds, and will be an interesting area for further study.
With regards to toxicity, we did not find any obvious damage in the tissue sections from lungs, liver or kidneys or to murine whole blood counts in NOG mice after 21 days of treatment with butyzamide (data not shown). The effects and side effects of butyzamide will, however, need to be evaluated carefully in future clinical trials. Several peptide and non-peptide TPO mimetics are undergoing preclinical and clinical trials. [33] [34] [35] [36] [37] Our findings suggest that butyzamide offers some advantages as a small non-peptidyl TPO mimetic because it can be administered orally to patients. In brief, butyzamide appears to have potential for future clinical development. 
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